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Previewseffect on Nlrp3, however, since apoptotic
activators such as staurosporine do not
activate Nlrp3.
This study is important for a number
of reasons. First, the results show that
it is possible to activate Nlrp3 in a
ROS-independent manner, raising the
question as to what other stimuli, more
physiological than linezolid, might
achieve this effect. It appears likely that
any mitochondrial disruptor that causes
cardiolipin to move to the outer mito-
chondrial membrane will activate Nlrp3.
Second, the study shows that cardiolipin
is a common regulator of Nlrp3, whether
ROS is involved or not. Cardiolipin may
therefore be a key downstream player in
the effect of ROS on Nlrp3, although
how ROS might cause cardiolipin translo-
cation needs to be explored. The change
in the mitochondrial membrane perme-
ability transition may be involved in this
translocation. Third, cardiolipin binds to
the LRR of Nlrp3, but the consequences
of this interaction are unclear. Is there a
conformational change that allows cas-612 Cell Metabolism 18, November 5, 2013 ªpase-1 activation in the Nlrp3 inflam-
masome complex? Or, is localization
to the mitochondria sufficient to trigger
activation? One complication is that in
cells containing an active inflammasome,
large specks containing Asc and Nlrp3
form, but not proximal to mitochondria.
The role of mitochondria for the func-
tioning of these specks needs to be
addressed. Finally, the study suggests
that cardiolipin fulfils the criteria of a
hydrophobic danger signal, as first pro-
posed by Seong and Matzinger (2004).
Such a signal would be exposed in
response to stress that triggers mito-
chondrial dysfunction. The study from
Iyer et al. (2013) suggests that inflam-
matory insults caused by infection or
noxious agents such as silica cause
cardiolipin to move from the haven of
the inner mitochondrial membrane
to the cytosol-facing outer membrane,
allowing Nlrp3 recruitment and activation
and leading to the production of the
important proinflammatory cytokine IL-
1b, as shown in Figure 1.2013 Elsevier Inc.The mitochondrion, therefore, yet again
takes center stage as an organelle that
provides a readout for the state of the
cell, in this case via cardiolipin transloca-
tion (Tschopp, 2011). The study therefore
brings us a step closer to understanding
the complex regulation of the Nlrp3
inflammasome, a fascinating multiprotein
complex that is essential for health and
yet must be kept under tight control to
prevent disease.REFERENCES
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Exercise produces many beneficial effects on brain health, in part by increasing hippocampal BDNF
levels; however, the mechanism underlying this BDNF regulation remains unknown. In this issue of Cell
Metabolism, Wrann et al. (2013) show that exercise induces hippocampal Bdnf gene expression by stimu-
lating expression of FNDC5, the precursor of irisin, via the transcriptional complex PGC-1a/Erra.Exercise, especially endurance exercise,
offers many health benefits to the human
brain, including improving cognitive func-
tion, reducing risk for Alzheimer’s dis-
ease, and alleviating depression (Cotman
et al., 2007; Mattson, 2012). These
beneficial effects implicate the hippo-
campus as a major target of exercise, as
the hippocampus is crucial for cognitive
function and is one of the brain regions
severely affected in Alzheimer’s disease
and depression (Duman and Aghajanian,
2012; Huang and Mucke, 2012). Indeed,exercise increases adult neurogenesis in
the dentate gyrus (DG, part of the hippo-
campus), dendritic complexity of DG
granule neurons, and synaptic plasticity
(the cellular basis of learning) in the
pathway connecting the entorhinal cortex
to the DG (Eadie et al., 2005; Farmer et al.,
2004). Substantial evidence indicates that
exercise affects the hippocampus largely
by inducing expression of brain-derived
neurotrophic factor (BDNF) (Mattson,
2012). BDNF is a potent regulator of
neuronal survival, adult neurogenesis,synaptogenesis, and synaptic plasticity
(Park and Poo, 2013). However, the
biochemical pathway that is activated by
exercise and induces Bdnf gene expres-
sion remains unknown. Wrann et al.
(2013) now report identification of a
novel biochemical pathway linking an
exercise-induced, secreted factor from
skeletal muscle to hippocampal Bdnf
gene expression (Figure 1).
Spiegelman and colleagues have
recently discovered that exercise induces
expression of FNDC5, a type I membrane
Figure 1. Biochemical Pathways that Mediate Exercise-Induced Bdnf Gene Expression in
the Hippocampus
(Red arrow pathway) Exercise increases expression of transcriptional coactivator PGC-1a in hippocampal
neurons through an unknownmechanism. Elevated PGC-1a levels boost expression of its binding partner
ERRa and thus increase the amount of the transcriptional complex PGC-1a/ERRa, which enhances Fndc5
gene expression. FNDC5 is a type I membrane protein, and its proteolytic product, termed exercise factor
(EF) here, is released to the extracellular matrix. EF likely binds to its receptor and activates an unidentified
signaling cascade via an autocrine or paracrine mode, which induces Bdnf gene expression through an
unknown transcription factor. Increased BDNF levels will improve the health and function of the hippocam-
pus. Interestingly, elevatedBDNF-TrkBsignalingnegatively regulatesFndc5geneexpression, thus forming
a homeostatic FNDC5/BDNF feedback loop. (Green arrow pathway) Exercise also stimulates production
and release of EF in skeletal muscle, and the released EF is distributed throughout the body via circulation.
The circulating EF can bind to its receptor on hippocampal neurons and induce Bdnf gene expression
there. (Blue arrow pathway) It is possible that the circulating EF could stimulate expression of PGC-1a
and increase Fndc5 gene expression in hippocampal neurons, thus forming an EF amplification loop.
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Previewsprotein, in skeletal muscle in a PGC-
1a-dependent manner. FNDC5 is re-
leased into circulation after proteolytic
cleavage as a polypeptide of 115 amino
acids termed irisin, which subsequently
converts subcutaneous ‘‘beige’’ fat into
‘‘brown’’ fat (Bostro¨m et al., 2012). Wrann
et al. (2013) found that endurance
exercise also selectively induced hippo-
campal Pgc1a and Fndc5 gene expres-
sion in mouse brain. To determine
whether PGC-1a is a transcriptional regu-
lator of Fndc5 gene expression in brain,
they utilized cultured primary cortical
neurons. They showed that overex-
pressing and knocking down PGC-1a
increased or reduced Fndc5 gene expres-sion in cortical neurons, respectively. This
gene expression regulation is physiolog-
ical, because up- or downregulating
PGC-1a levels through pharmacological
manipulation of intracellular cAMP also
increased or reduced Fndc5 gene expres-
sion, respectively. These findings demon-
strate that PGC-1a regulates Fndc5 gene
expression in neurons.
PGC-1a is a transcriptional coactivator
anddoes not bind toDNAdirectly; it needs
to interact with another transcription fac-
tor to induce neuronal Fndc5 gene ex-
pression. Several clues indicate that the
PGC-1a binding partner is the orphan nu-
clear receptor estrogen-related receptor
alpha (ERRa). First, exercise selectivelyCell Metabolism 18,induced hippocampal Erra gene expres-
sion in brain. Second, PGC-1a is known
to stimulate expression of its binding part-
ners, and indeed PGC-1a overexpression
increased Erra gene expression in cul-
tured cortical neurons. Lastly, disruption
of the ERRa/PGC-1a complex reduced
Fndc5 gene expression in cortical neu-
rons. Wrann et al. (2013) then conclusively
linked the transcriptional complex ERRa/
PGC-1a to neuronal Fndc5 gene expres-
sion by demonstrating that knocking
down ERRa with shRNA hairpins blocked
PGC-1a-induced Fndc5 gene expression
in cultured cortical neurons.
What is the relationship between
FNDC5 and Bdnf gene expression?
Wrann et al. (2013) observed that
following exercise, Bdnf gene expression
was selectively increased in the hippo-
campus, as was the expression for
Pgc1a, Erra, and Fndc5. This parallel
expression pattern raises the possibility
that FNDC5 could be a regulator of Bdnf
gene expression in neurons. Indeed,
Wrann et al. found that overexpressing
or knocking down FNDC5 increased or
decreased Bdnf gene expression in
cultured cortical neurons, respectively.
They further showed that BDNF in turn
negatively regulated Fndc5 gene ex-
pression, thus uncovering a homeo-
static FNDC5/BDNF feedback loop.
Importantly, the authors demonstrated
that the ERRa/PGC-1a / FNDC5 /
BDNF pathway was also present in
cultured hippocampal neurons, sug-
gesting that this novel biochemical path-
way may be physiologically relevant to
exercise-induced Bdnf gene expression
in the hippocampus.
One striking observation in the study by
Wrann et al. (2013) is that increasing levels
of irisin and other FNDC5 cleavage prod-
ucts in circulation by overexpressing
FNDC5 in liver with recombinant adeno-
virus significantly elevated Bdnf gene
expression in the hippocampus. Taken
together, the findings from this study
indicate that exercise increases the
activity of the ERRa/PGC-1a complex,
which increases levels of FNDC5 in
skeletal muscle and hippocampus, whose
cleavage products offer beneficial effects
on brain health by boosting Bdnf gene
expression in the hippocampus (Figure 1).
Like every important discovery, the
study by Wrann et al. (2013) raises many
questions for future investigation. TheNovember 5, 2013 ª2013 Elsevier Inc. 613
Cell Metabolism
Previewsauthors found that viral expression of
FNDC5 in liver increased Bdnf gene
expression in the hippocampus, whereas
direct application of irisin to cultured
hippocampal neurons did not. This obser-
vation suggests that a FNDC5 cleavage
product other than irisin may mediate
the beneficial effects of exercise on brain.
This exercise factor (EF) remains to be
identified. Based on the findings of the
current study, the EF could be produced
locally in hippocampal neurons or reach
the hippocampus frommuscle via circula-
tion. It would be important to determine
the relative contribution of local versus
systemic EF to exercise-induced Bdnf
gene expression by selective deletion of
the Fndc5 gene in either muscle or hippo-
campus. Since the circulating EF is likely
distributed to every body part, it remains
puzzling why exercise predominantly
increases hippocampal Bdnf gene ex-
pression. As irisin is able to activate
Pgc1a gene expression in adipocytes
(Wrann et al., 2013), it would be inter-
esting to investigate whether the circu-
lating EF, a different FNDC5 cleavage
product, stimulates hippocampal Pgc1a
gene expression, which in turn induces
Erra gene expression and then Fndc5
gene expression in the same neurons614 Cell Metabolism 18, November 5, 2013 ª(Figure 1). In this way, the action of the
circulating EF in hippocampus would be
amplified. Neuronal activity may not be
critically involved in exercise-induced
Bdnf gene expression in the hippo-
campus, because exercise induces ex-
pression of several activity-dependent
genes, such as Arc, cFos, and Zif268, in
many brain regions, but Bdnf only in the
hippocampus (Wrann et al., 2013). Other
transcription factors such as CREB and
NF-kB have also been proposed to
mediate exercise-induced hippocampal
Bdnf gene expression (Mattson, 2012).
Since the Bdnf gene is transcribed from
multiple distinct promoters (Pruunsild
et al., 2007), it remains to be determined
if EF, CREB, and NF-kB act in the same
signaling cascade or on the same pro-
moter to increase hippocampal BDNF
levels.
As human life expectancy increases,
age-related cognitive decline and Alz-
heimer’s disease have become leading
health issues. The study by Wrann et al.
(2013) reveals a critical role for FNDC5 in
mediating beneficial effects of exercise
on brain health, which moves a step
closer to identifying the EF, and will
certainly have important implications for
age-related health issues. Identification2013 Elsevier Inc.of the EF may allow aged people to reap
the benefit of exercise for their brains
without going through the challenge of
endurance exercise.REFERENCES
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Atherosclerosis is driven by the release of cytokines from macrophages, and the b isoform of interleukin-1
(IL-1b) is aprime suspect indiseaseprogression. Freiganget al. (2013) nowsuggest that IL-1a, a close relative,
is selectively induced by fatty acids independent of the inflammasome to promote vascular inflammation.Cytokines evolved as part of the immune
response to protect mammals from an
environment filled with threats, but those
threats now include an overeating-induced excess of lipids that prompts
cytokine responses more appropriate for
pathogens. That cytokines mediate dis-
ease is now well established in metabolicand vascular medicine, but the precise
cytokines involved in atherosclerosis
and their relative importance are still
under debate. A large body of evidence
